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• The universe is 13.7 billion years old 

• It is at least 100 times bigger than the part 
we can see even in principle



Hypersphere geometries



  

Quantum Origin of Perturbations 

• Standard inflationary scenario: structure 
originates as quantum fluctuations in 
inflaton+graviton

• On the largest scales, we observe a direct 
image of primordial perturbations

• Each blob is a faithful image of about a 
“single quantum” during inflation



  

Cosmic Koan

• CBR anisotropies are both the smallest and 
largest imaged  entities in nature



  

Quantum to  Classical 
Perturbations 

• Framework: quantum field theory in curved 
(quasi-de Sitter) classical spacetime

• Inflaton and  graviton fields undergo 
vacuum fluctuations

• “Frozen in”  to the classical metric at the 
horizon scale H, when a typical fluctuating 
patch has  E=hH

• Continuous random noise: infinite Hilbert 
space, infinite information



  



electron wavefunctions in a hydrogen atom 
(mathematical model)

inflaton wavefunctions in the early universe
 (real data)



  

New Physics from CBR anisotropy

• Properties of inflaton field, potential
• Super-Planckian effects: initial vacuum 
• Stringy Effects in tensor/scalar spectra
• pixelation, discreteness or new 

correlations from the quantization 
of spacetime



  

how quantum fluctuations turn 
into classical perturbations

Holographic Bound on Information in Inflationary Perturbations
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The formation of frozen classical perturbations from vacuum quantum fluctuations during inflation
is described as a unitary quantum process with decoherence caused by the expanding spacetime.
The maximum observable information content per comoving volume in classical modes of a given
scale is subject to the covariant entropy bound at the time those modes decohere. A general bound
is thereby derived on the information contained in frozen field modes per !k-space volume. This
bound suggests that the !k-space of large-scale cosmological perturbations is pixelated or discrete,
leading to new, possibly observable holographic correlations.

PACS numbers: 98.80.-k

I. INTRODUCTION

The mostly widely held theory of cosmological struc-
ture is based on primordial fluctuations that originate
from quantum fields during inflation. The expansion of
spacetime converts virtual quanta— the zero-point vac-
uum fluctuations of fields— into real classical field per-
turbations. Standard inflation theory[1, 2] describes how
the quantum state of each field mode changes character
as it expands to exceed the size of the apparent horizon—
from eigenstates of number (in particular, an initial vac-
uum state with zero particles) to eigenstates of field am-
plitude, in which the quantum zero-point field fluctua-
tions are frozen as real quasi-classical observables. Re-
cent data, especially the concordance of microwave back-
ground anisotropy[3–5] and galaxy clustering[6], confirm
many detailed features of this basic picture, including the
primordial origin well before recombination, and a nearly
scale-invariant power spectrum with Gaussian statistics.

The detailed pattern of cosmic perturbations preserves
more than just the power spectrum: it directly records
spatially localized information from the original field fluc-
tuations frozen in during inflation. It has long been
hoped that detailed study of these quantum structures,
dating as they do from close to the Planck time, might
reveal qualitatively new fundamental physics connected
with quantum gravity.

A radical but concretely formulated conjecture about
such physics, based on considerations such as quantum
unitarity during black hole evaporation, and on analysis
of certain systems such as the AdS/CFT duality, is that
nature imposes a holographic bound on the total entropy
of systems[7–11]. The maximum entropy according to
this conjecture is much less than in standard field theory.

It is shown here that the entropy bound on fields during
inflation limits the amount of information eventually car-
ried by the final classical perturbations. Although this ef-
fect leaves the predicted mean power spectrum and Gaus-
sian amplitude distribution unchanged, it implies a major
qualitative difference from standard inflation, whose ran-
dom phases and continuous spectrum contain an infinite
amount of information. A quantitative lower bound is de-
rived here on the mean spacing of independent classical

perturbation modes in !k space. Within a minimum pixel
volume, strong correlations among modes are predicted
that may provide a direct observational test of the holo-
graphic conjecture and a probe of how it is implemented
in nature.

II. FREEZING OF INFLATIONARY QUANTA

In conformal variables, the amplitude u = aδφ of a
plane-wave mode of a massless field during slow-roll in-
flation obeys the same classical equation of motion as a
harmonic oscillator:

∂2u/∂τ2 + ω(τ)2u = 0. (1)

Here δφ denotes the classical field perturbation ampli-
tude, a ∝ eHt denotes the cosmic scale factor, τ denotes
conformal time (where dτ = dt/a, and τ = −(aH)−1),
the time-varying oscillator frequency is

ω2 = k2 − 2(aH)2, (2)

where k denotes comoving wavenumber (and k/a the
physical wavenumber), H denotes the expansion rate or
Hubble parameter during inflation, and ! = c = 1.

In the usual (Born-Heisenberg-Jordan) field quantiza-
tion, the state of the mode is represented by an operator
u,

u = wa + w∗a†, (3)

where a and a† represent the usual particle annihilation
and creation operators, and w obeys the classical equa-
tion of motion, with an approximate solution (assuming
H constant),

w = (2k3)−1/2(i− kτ)τ−1 exp(−ikτ). (4)

The main statistical prediction of inflation is the spec-
trum of the perturbations. Since the rms field amplitude
is a statistical classical observable, its expectation value
also obeys the classical equation of motion. The solution
at late times for a field initially in the vacuum state is
|w|2 = a2H2(2k3)−1. The spectral density of fluctua-
tions in the field φ then turns out to be Pφ = (H/2π)2,

 consider a classical plane wave field mode
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Here δφ denotes the classical field perturbation ampli-
tude, a ∝ eHt denotes the cosmic scale factor, τ denotes
conformal time (where dτ = dt/a, and τ = −(aH)−1),
the time-varying oscillator frequency is

ω2 = k2 − 2(aH)2, (2)

where k denotes comoving wavenumber (and k/a the
physical wavenumber), H denotes the expansion rate or
Hubble parameter during inflation, and ! = c = 1.

In the usual (Born-Heisenberg-Jordan) field quantiza-
tion, the state of the mode is represented by an operator
u,

u = wa + w∗a†, (3)

where a and a† represent the usual particle annihilation
and creation operators, and w obeys the classical equa-
tion of motion, with an approximate solution (assuming
H constant),

w = (2k3)−1/2(i− kτ)τ−1 exp(−ikτ). (4)

The main statistical prediction of inflation is the spec-
trum of the perturbations. Since the rms field amplitude
is a statistical classical observable, its expectation value
also obeys the classical equation of motion. The solution
at late times for a field initially in the vacuum state is
|w|2 = a2H2(2k3)−1. The spectral density of fluctua-
tions in the field φ then turns out to be Pφ = (H/2π)2,
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cent data, especially the concordance of microwave back-
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primordial origin well before recombination, and a nearly
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independent of the number of modes contributing— and
therefore independent of whether the spectrum is contin-
uous or discrete. The distribution of amplitudes in each
mode is Gaussian (from the ground state wavefunction of
a harmonic oscillator), also independent of the number
of modes.

To illuminate the process by which the quantum field
fluctuations become frozen in classically, it is useful in-
stead to follow Dirac-Schrödinger quantization, which
avoids having to describe the field as a superposition of
number eigenstates. The classical Hamiltonian for the
field mode is

Hc =
1
2

(
∂u

∂t

)2

+
1
2

ω2

a2
u2, (5)

leading to the Schrödinger equation,

−i
∂ψ

∂t
= −1

2
∂2ψ

∂u2
+

1
2
[(k/a)2 − 2H2]u2ψ (6)

where ψ(u) is the quantum-mechanical amplitude for the
field mode to have the field amplitude u.

When the mode is much smaller than the apparent
horizon radius H−1, this is just the familiar quantum
harmonic oscillator. The eigenstates correspond to defi-
nite oscillator energy, in this case to definite numbers of
quanta. The ground or vacuum state has zero quanta,
but has the Gaussian ψ(u) associated with zero-point
fluctuations. An attempt to measure the field value at
this stage or to spatially localize the field quanta would
lead to a superposition of number eigenstates, knocking
the field out of the vacuum.

As k/a falls below H, the vacuum-fluctuation field
quanta become more classical and more localized. At
very late times, the Schrödinger equation becomes

i
∂ψ

∂t
≈ H2u2ψ, (7)

leading to solutions of the form

ψ(u) =
∑

j

ajδ(u− uj)ψ(uj), (8)

where each eigenstate solution has the wavefunction

ψ(uj) = exp[−iH2u2
j t]. (9)

The eigenstates therefore correspond to definite values of
u. A state which starts off in the vacuum eigenstate at
early times ends up as a superposition of field-amplitude
eigenstates at late times, with a Gaussian distribution of
coefficients aj yielding the previously-derived rms value
of u.

We do not observe this superposition, but only one
of the amplitude eigenstates. (More accurately, we ob-
serve the late-time effects of a spacetime metric pertur-
bation coherently imprinted by the field amplitude in one

of these states). The von Neumann description of quan-
tum measurement would say that the wavefunction col-
lapses. The more modern view is that the whole linearly-
evolving wavefunction never collapses; however, decoher-
ence causes the entire macroscopic world to correlate with
only one of the eigenstate outcomes in such a way that
the other branches are unobservable. For a given infla-
tionary mode, this decoherence starts to occur near the
time when (k/a) = H, an epoch we denote by tk.

Any observation yields one of the eigenvalues uj with
probability |aj |2, with the standard Gaussian amplitude
distribution. The different uj are macroscopically distin-
guishable options like Schrödinger’s live and dead cats on
a grand scale, since they correspond eventually to differ-
ent distributions of galaxies. Consider two widely sep-
arated macroscopic observers, Alice and Bob, who both
measure the classical mode amplitude. Inflation predicts
a random Gaussian distribution of outcomes. However,
if Alice and Bob compare notes on measurements at any
time long after tk (and at late times after inflation is
over, this indeed becomes possible if they are in the same
branch of the wavefunction), their results for u always
agree. The information corresponding to the superposi-
tion of eigenstates is not lost as it is in the von Neumann
collapse, but it is frozen, and is contained in the spatial
correlations. The freezing does not depend on Alice and
Bob, but is a natural process during inflation as a mode’s
wavelength expands beyond the apparent horizon. Even
though the quantum state of the mode evolves coherently
long after inflation is over, the information content of the
large scale classical observables is frozen at a time close
to the Planck scale, and is subject to the bound at that
time on total information content.

III. HOLOGRAPHIC BOUND ON FROZEN
INFORMATION

It has been conjectured that nature imposes a funda-
mental limit on total entropy that applies to all fields. A
general formulation of this limit, to which no exceptions
have been found, is the “covariant entropy bound”[11].
Consider a closed spacelike 2-surface. Construct a 3-
dimensional null volume V by propagating null rays in-
wards from the surface, into the future and the past,
such that the areas of the inward-propagating light sheets
are everywhere decreasing. The covariant entropy bound
states that the entropy of V does not exceed one quarter
of the area of the 2-surface in Planck units.

In the inflationary context, the largest 2-sphere allow-
ing this construction has radius just slightly less than the
apparent horizon, which has an area 4πH−2. The corre-
sponding bound on entropy is SV < πm2

P H−2, where mP

is the Planck mass. The spacelike 3-sphere enclosed by
this surface, on the same spacelike hypersurfaces used to
describe the inflationary modes, has a proper 3-volume
VH = (4π/3)H−3, and its entropy is also bounded by
S(VH) < πm2

P H−2. In larger 3-volumes V > VH , en-
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avoids having to describe the field as a superposition of
number eigenstates. The classical Hamiltonian for the
field mode is

Hc =
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leading to the Schrödinger equation,
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where ψ(u) is the quantum-mechanical amplitude for the
field mode to have the field amplitude u.

When the mode is much smaller than the apparent
horizon radius H−1, this is just the familiar quantum
harmonic oscillator. The eigenstates correspond to defi-
nite oscillator energy, in this case to definite numbers of
quanta. The ground or vacuum state has zero quanta,
but has the Gaussian ψ(u) associated with zero-point
fluctuations. An attempt to measure the field value at
this stage or to spatially localize the field quanta would
lead to a superposition of number eigenstates, knocking
the field out of the vacuum.

As k/a falls below H, the vacuum-fluctuation field
quanta become more classical and more localized. At
very late times, the Schrödinger equation becomes

i
∂ψ

∂t
≈ H2u2ψ, (7)

leading to solutions of the form

ψ(u) =
∑

j

ajδ(u− uj)ψ(uj), (8)

where each eigenstate solution has the wavefunction

ψ(uj) = exp[−iH2u2
j t]. (9)

The eigenstates therefore correspond to definite values of
u. A state which starts off in the vacuum eigenstate at
early times ends up as a superposition of field-amplitude
eigenstates at late times, with a Gaussian distribution of
coefficients aj yielding the previously-derived rms value
of u.

We do not observe this superposition, but only one
of the amplitude eigenstates. (More accurately, we ob-
serve the late-time effects of a spacetime metric pertur-
bation coherently imprinted by the field amplitude in one

of these states). The von Neumann description of quan-
tum measurement would say that the wavefunction col-
lapses. The more modern view is that the whole linearly-
evolving wavefunction never collapses; however, decoher-
ence causes the entire macroscopic world to correlate with
only one of the eigenstate outcomes in such a way that
the other branches are unobservable. For a given infla-
tionary mode, this decoherence starts to occur near the
time when (k/a) = H, an epoch we denote by tk.

Any observation yields one of the eigenvalues uj with
probability |aj |2, with the standard Gaussian amplitude
distribution. The different uj are macroscopically distin-
guishable options like Schrödinger’s live and dead cats on
a grand scale, since they correspond eventually to differ-
ent distributions of galaxies. Consider two widely sep-
arated macroscopic observers, Alice and Bob, who both
measure the classical mode amplitude. Inflation predicts
a random Gaussian distribution of outcomes. However,
if Alice and Bob compare notes on measurements at any
time long after tk (and at late times after inflation is
over, this indeed becomes possible if they are in the same
branch of the wavefunction), their results for u always
agree. The information corresponding to the superposi-
tion of eigenstates is not lost as it is in the von Neumann
collapse, but it is frozen, and is contained in the spatial
correlations. The freezing does not depend on Alice and
Bob, but is a natural process during inflation as a mode’s
wavelength expands beyond the apparent horizon. Even
though the quantum state of the mode evolves coherently
long after inflation is over, the information content of the
large scale classical observables is frozen at a time close
to the Planck scale, and is subject to the bound at that
time on total information content.

III. HOLOGRAPHIC BOUND ON FROZEN
INFORMATION

It has been conjectured that nature imposes a funda-
mental limit on total entropy that applies to all fields. A
general formulation of this limit, to which no exceptions
have been found, is the “covariant entropy bound”[11].
Consider a closed spacelike 2-surface. Construct a 3-
dimensional null volume V by propagating null rays in-
wards from the surface, into the future and the past,
such that the areas of the inward-propagating light sheets
are everywhere decreasing. The covariant entropy bound
states that the entropy of V does not exceed one quarter
of the area of the 2-surface in Planck units.

In the inflationary context, the largest 2-sphere allow-
ing this construction has radius just slightly less than the
apparent horizon, which has an area 4πH−2. The corre-
sponding bound on entropy is SV < πm2

P H−2, where mP

is the Planck mass. The spacelike 3-sphere enclosed by
this surface, on the same spacelike hypersurfaces used to
describe the inflationary modes, has a proper 3-volume
VH = (4π/3)H−3, and its entropy is also bounded by
S(VH) < πm2

P H−2. In larger 3-volumes V > VH , en-
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area of the 2D event horizon in Planck units
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independent of the number of modes contributing— and
therefore independent of whether the spectrum is contin-
uous or discrete. The distribution of amplitudes in each
mode is Gaussian (from the ground state wavefunction of
a harmonic oscillator), also independent of the number
of modes.

To illuminate the process by which the quantum field
fluctuations become frozen in classically, it is useful in-
stead to follow Dirac-Schrödinger quantization, which
avoids having to describe the field as a superposition of
number eigenstates. The classical Hamiltonian for the
field mode is
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where ψ(u) is the quantum-mechanical amplitude for the
field mode to have the field amplitude u.

When the mode is much smaller than the apparent
horizon radius H−1, this is just the familiar quantum
harmonic oscillator. The eigenstates correspond to defi-
nite oscillator energy, in this case to definite numbers of
quanta. The ground or vacuum state has zero quanta,
but has the Gaussian ψ(u) associated with zero-point
fluctuations. An attempt to measure the field value at
this stage or to spatially localize the field quanta would
lead to a superposition of number eigenstates, knocking
the field out of the vacuum.

As k/a falls below H, the vacuum-fluctuation field
quanta become more classical and more localized. At
very late times, the Schrödinger equation becomes
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≈ H2u2ψ, (7)

leading to solutions of the form

ψ(u) =
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where each eigenstate solution has the wavefunction

ψ(uj) = exp[−iH2u2
j t]. (9)

The eigenstates therefore correspond to definite values of
u. A state which starts off in the vacuum eigenstate at
early times ends up as a superposition of field-amplitude
eigenstates at late times, with a Gaussian distribution of
coefficients aj yielding the previously-derived rms value
of u.

We do not observe this superposition, but only one
of the amplitude eigenstates. (More accurately, we ob-
serve the late-time effects of a spacetime metric pertur-
bation coherently imprinted by the field amplitude in one

of these states). The von Neumann description of quan-
tum measurement would say that the wavefunction col-
lapses. The more modern view is that the whole linearly-
evolving wavefunction never collapses; however, decoher-
ence causes the entire macroscopic world to correlate with
only one of the eigenstate outcomes in such a way that
the other branches are unobservable. For a given infla-
tionary mode, this decoherence starts to occur near the
time when (k/a) = H, an epoch we denote by tk.

Any observation yields one of the eigenvalues uj with
probability |aj |2, with the standard Gaussian amplitude
distribution. The different uj are macroscopically distin-
guishable options like Schrödinger’s live and dead cats on
a grand scale, since they correspond eventually to differ-
ent distributions of galaxies. Consider two widely sep-
arated macroscopic observers, Alice and Bob, who both
measure the classical mode amplitude. Inflation predicts
a random Gaussian distribution of outcomes. However,
if Alice and Bob compare notes on measurements at any
time long after tk (and at late times after inflation is
over, this indeed becomes possible if they are in the same
branch of the wavefunction), their results for u always
agree. The information corresponding to the superposi-
tion of eigenstates is not lost as it is in the von Neumann
collapse, but it is frozen, and is contained in the spatial
correlations. The freezing does not depend on Alice and
Bob, but is a natural process during inflation as a mode’s
wavelength expands beyond the apparent horizon. Even
though the quantum state of the mode evolves coherently
long after inflation is over, the information content of the
large scale classical observables is frozen at a time close
to the Planck scale, and is subject to the bound at that
time on total information content.

III. HOLOGRAPHIC BOUND ON FROZEN
INFORMATION

It has been conjectured that nature imposes a funda-
mental limit on total entropy that applies to all fields. A
general formulation of this limit, to which no exceptions
have been found, is the “covariant entropy bound”[11].
Consider a closed spacelike 2-surface. Construct a 3-
dimensional null volume V by propagating null rays in-
wards from the surface, into the future and the past,
such that the areas of the inward-propagating light sheets
are everywhere decreasing. The covariant entropy bound
states that the entropy of V does not exceed one quarter
of the area of the 2-surface in Planck units.

In the inflationary context, the largest 2-sphere allow-
ing this construction has radius just slightly less than the
apparent horizon, which has an area 4πH−2. The corre-
sponding bound on entropy is SV < πm2

P H−2, where mP

is the Planck mass. The spacelike 3-sphere enclosed by
this surface, on the same spacelike hypersurfaces used to
describe the inflationary modes, has a proper 3-volume
VH = (4π/3)H−3, and its entropy is also bounded by
S(VH) < πm2

P H−2. In larger 3-volumes V > VH , en-
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tropy remains an extensive quantity proportional to V ,
so it is bounded by S(V ) < (V/VH)πm2

P H−2.
No matter how physically large a comoving volume

eventually becomes, the frozen information contained in
large-scale correlations observable at late times— that
is, all the information accessible to classical observers
like Alice and Bob, including information in any measur-
able quantities such as u and "k— must originate within
the bounded volume VH . The information per comov-
ing volume observed in modes of any scale cannot exceed
the entropy bound per comoving volume corresponding
to the time when they decohere. This constraint sets
an upper bound on the information in all low-k modes
that have frozen out, and ultimately on the density of
information in classical modes.

Entropy is proportional to the number of independent
modes, so for large spatial volumes and small k, it is
proportional to phase space volume. Let n(k) denote
the number of modes per phase space volume, defined
in comoving coordinates. Let I denote the information
carried per mode. To respect the entropy bound for any
3-volume V on these hypersurfaces, the number of modes
in a volume of "k space Vk satisfies

n(k)Vk[V/a3]I < (V/VH)πm2
P H−2. (10)

Consider the time tk at which k/a = H. Suppose
modes with k/a < H, confined to a volume VkH =
4πa3H3/3 in "k space, have each on average frozen in-
formation IH . The value of IH is not known, but must
be greater than log 2 for any given mode to have a defi-
nite classical state. Let the mean frozen information at
k/a < H represent some fraction fH < 1 of the covariant
bound on entropy.

The effect of this bound can be seen in a simple model
where modes are distributed on a lattice. Let ∆k denote
the mean separation of discrete values of "k at the epoch
tk, so that n(k) = ∆k−3a3V −1

H . To guarantee scale in-
variance, ∆k/k must be independent of k. To respect
Eq. (10), the lattice spacing obeys

(∆k/k) > I1/3
H D1/3, (11)

where a discreteness parameter

D ≡
[
4
3

H2

fHm2
P

]
(12)

depends on the parameters H and fH characterizing in-
flation and quantum gravity. The information bound lim-
its the mean density of observable classical information
in "k space.

IV. OBSERVABLE SPECTRAL DISCRETENESS,
PIXELATION, AND CORRELATIONS

In the standard field theory, all mode amplitudes are
independent random variables in first order, selected

from a continuous distribution. The holographic infor-
mation bound however restricts the number of configu-
rations of classical modes per e-folding in k to a finite
number, exp[IHD], and thereby implies a bound on the
number of observable values for the amplitudes, and the
relative lengths and directions of the wavevectors "k of the
classical perturbation modes. The density of all of these
observables taken together cannot exceed the informa-
tion bound. This places a new constraint on the kinds of
classical distributions that can be realized.

Since modes evolve independently both before and af-
ter tk, and since gravitational coupling is strongest for
spatially coincident density distributions, it is natural to
assume that the holographic physics imposes new corre-
lations localized in "k. The discrete lattice just described
is one example of such a distribution, where the mode
amplitude at each fixed "k site carries all the mode infor-
mation IH . The bound can also be satisfied in a pixelated
"k space. Within each pixel, information IH is available
to specify mode amplitude. All modes within each pixel
have the same classical amplitude, selected from eIH pos-
sible values. Suppose pixels are contiguous patches, with
average coherence angle δθ and average modulus width
δk. The limit on information density can be expressed as
a scale-invariant statistical uncertainty relation,

δθ2(δk/k) > IHD, (13)

that specifies the minimum average volume of pixels in "k
space within which all modes together carry information
IH . If the classical pixels are not very convoluted and
disconnected, they might be observable.

The smallest possible pixel volumes occur with binary
choices for pixel amplitudes, IH = log 2. As long as δθ
is smaller than π (so that pixels do not wrap around the
sky more than once), the bound in Eq. (13) implies that
modes are pixelated in modulus at a resolution (δk/k) >
D(log 2/π2). As long as pixels do not extend in modulus
for more than one e-folding, it implies that the modes are
pixelated in angle at resolution δθ >

√
D log 2. At these

resolution thresholds, the distribution is predicted to be
either pixelated or discrete; modes within this separation
of each other have the same amplitude (or some other
fixed relationship that carries no information).

This new kind of correlation is a generic feature of
inflationary perturbations arising from the covariant en-
tropy bound. It differs from the standard statistical pre-
diction that the amplitudes and phases of all modes are
statistically independent Gaussian variables in first or-
der, and also differs qualitatively from the correlations
predicted in second order, which still describe continu-
ous distributions[12, 13].

If fH is small enough (of order H2/m2
P ) that D is of or-

der unity, holographic correlations on the current Hubble
scale might explain the statistical anomalies already ob-
served in the large angle anisotropy data[14, 15]. If these
oddities indeed reflect the holographic information bound
(rather than simple chance or, say, a customized inflation
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so it is bounded by S(V ) < (V/VH)πm2
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eventually becomes, the frozen information contained in
large-scale correlations observable at late times— that
is, all the information accessible to classical observers
like Alice and Bob, including information in any measur-
able quantities such as u and "k— must originate within
the bounded volume VH . The information per comov-
ing volume observed in modes of any scale cannot exceed
the entropy bound per comoving volume corresponding
to the time when they decohere. This constraint sets
an upper bound on the information in all low-k modes
that have frozen out, and ultimately on the density of
information in classical modes.

Entropy is proportional to the number of independent
modes, so for large spatial volumes and small k, it is
proportional to phase space volume. Let n(k) denote
the number of modes per phase space volume, defined
in comoving coordinates. Let I denote the information
carried per mode. To respect the entropy bound for any
3-volume V on these hypersurfaces, the number of modes
in a volume of "k space Vk satisfies

n(k)Vk[V/a3]I < (V/VH)πm2
P H−2. (10)

Consider the time tk at which k/a = H. Suppose
modes with k/a < H, confined to a volume VkH =
4πa3H3/3 in "k space, have each on average frozen in-
formation IH . The value of IH is not known, but must
be greater than log 2 for any given mode to have a defi-
nite classical state. Let the mean frozen information at
k/a < H represent some fraction fH < 1 of the covariant
bound on entropy.

The effect of this bound can be seen in a simple model
where modes are distributed on a lattice. Let ∆k denote
the mean separation of discrete values of "k at the epoch
tk, so that n(k) = ∆k−3a3V −1

H . To guarantee scale in-
variance, ∆k/k must be independent of k. To respect
Eq. (10), the lattice spacing obeys

(∆k/k) > I1/3
H D1/3, (11)

where a discreteness parameter

D ≡
[
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fHm2
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]
(12)

depends on the parameters H and fH characterizing in-
flation and quantum gravity. The information bound lim-
its the mean density of observable classical information
in "k space.

IV. OBSERVABLE SPECTRAL DISCRETENESS,
PIXELATION, AND CORRELATIONS

In the standard field theory, all mode amplitudes are
independent random variables in first order, selected

from a continuous distribution. The holographic infor-
mation bound however restricts the number of configu-
rations of classical modes per e-folding in k to a finite
number, exp[IHD], and thereby implies a bound on the
number of observable values for the amplitudes, and the
relative lengths and directions of the wavevectors "k of the
classical perturbation modes. The density of all of these
observables taken together cannot exceed the informa-
tion bound. This places a new constraint on the kinds of
classical distributions that can be realized.

Since modes evolve independently both before and af-
ter tk, and since gravitational coupling is strongest for
spatially coincident density distributions, it is natural to
assume that the holographic physics imposes new corre-
lations localized in "k. The discrete lattice just described
is one example of such a distribution, where the mode
amplitude at each fixed "k site carries all the mode infor-
mation IH . The bound can also be satisfied in a pixelated
"k space. Within each pixel, information IH is available
to specify mode amplitude. All modes within each pixel
have the same classical amplitude, selected from eIH pos-
sible values. Suppose pixels are contiguous patches, with
average coherence angle δθ and average modulus width
δk. The limit on information density can be expressed as
a scale-invariant statistical uncertainty relation,

δθ2(δk/k) > IHD, (13)

that specifies the minimum average volume of pixels in "k
space within which all modes together carry information
IH . If the classical pixels are not very convoluted and
disconnected, they might be observable.

The smallest possible pixel volumes occur with binary
choices for pixel amplitudes, IH = log 2. As long as δθ
is smaller than π (so that pixels do not wrap around the
sky more than once), the bound in Eq. (13) implies that
modes are pixelated in modulus at a resolution (δk/k) >
D(log 2/π2). As long as pixels do not extend in modulus
for more than one e-folding, it implies that the modes are
pixelated in angle at resolution δθ >

√
D log 2. At these

resolution thresholds, the distribution is predicted to be
either pixelated or discrete; modes within this separation
of each other have the same amplitude (or some other
fixed relationship that carries no information).

This new kind of correlation is a generic feature of
inflationary perturbations arising from the covariant en-
tropy bound. It differs from the standard statistical pre-
diction that the amplitudes and phases of all modes are
statistically independent Gaussian variables in first or-
der, and also differs qualitatively from the correlations
predicted in second order, which still describe continu-
ous distributions[12, 13].

If fH is small enough (of order H2/m2
P ) that D is of or-

der unity, holographic correlations on the current Hubble
scale might explain the statistical anomalies already ob-
served in the large angle anisotropy data[14, 15]. If these
oddities indeed reflect the holographic information bound
(rather than simple chance or, say, a customized inflation
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√
D log 2. At these

resolution thresholds, the distribution is predicted to be
either pixelated or discrete; modes within this separation
of each other have the same amplitude (or some other
fixed relationship that carries no information).

This new kind of correlation is a generic feature of
inflationary perturbations arising from the covariant en-
tropy bound. It differs from the standard statistical pre-
diction that the amplitudes and phases of all modes are
statistically independent Gaussian variables in first or-
der, and also differs qualitatively from the correlations
predicted in second order, which still describe continu-
ous distributions[12, 13].

If fH is small enough (of order H2/m2
P ) that D is of or-

der unity, holographic correlations on the current Hubble
scale might explain the statistical anomalies already ob-
served in the large angle anisotropy data[14, 15]. If these
oddities indeed reflect the holographic information bound
(rather than simple chance or, say, a customized inflation

entropy of modes in a volume Vk of k space

leads to maximum density, or minimum mean 
separation of independent modes

parameters of inflation 
and quantum gravity;    
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tropy remains an extensive quantity proportional to V ,
so it is bounded by S(V ) < (V/VH)πm2

P H−2.
No matter how physically large a comoving volume

eventually becomes, the frozen information contained in
large-scale correlations observable at late times— that
is, all the information accessible to classical observers
like Alice and Bob, including information in any measur-
able quantities such as u and "k— must originate within
the bounded volume VH . The information per comov-
ing volume observed in modes of any scale cannot exceed
the entropy bound per comoving volume corresponding
to the time when they decohere. This constraint sets
an upper bound on the information in all low-k modes
that have frozen out, and ultimately on the density of
information in classical modes.

Entropy is proportional to the number of independent
modes, so for large spatial volumes and small k, it is
proportional to phase space volume. Let n(k) denote
the number of modes per phase space volume, defined
in comoving coordinates. Let I denote the information
carried per mode. To respect the entropy bound for any
3-volume V on these hypersurfaces, the number of modes
in a volume of "k space Vk satisfies

n(k)Vk[V/a3]I < (V/VH)πm2
P H−2. (10)

Consider the time tk at which k/a = H. Suppose
modes with k/a < H, confined to a volume VkH =
4πa3H3/3 in "k space, have each on average frozen in-
formation IH . The value of IH is not known, but must
be greater than log 2 for any given mode to have a defi-
nite classical state. Let the mean frozen information at
k/a < H represent some fraction fH < 1 of the covariant
bound on entropy.

The effect of this bound can be seen in a simple model
where modes are distributed on a lattice. Let ∆k denote
the mean separation of discrete values of "k at the epoch
tk, so that n(k) = ∆k−3a3V −1

H . To guarantee scale in-
variance, ∆k/k must be independent of k. To respect
Eq. (10), the lattice spacing obeys

(∆k/k) > I1/3
H D1/3, (11)

where a discreteness parameter

D ≡
[
4
3

H2

fHm2
P

]
(12)

depends on the parameters H and fH characterizing in-
flation and quantum gravity. The information bound lim-
its the mean density of observable classical information
in "k space.

IV. OBSERVABLE SPECTRAL DISCRETENESS,
PIXELATION, AND CORRELATIONS

In the standard field theory, all mode amplitudes are
independent random variables in first order, selected

from a continuous distribution. The holographic infor-
mation bound however restricts the number of configu-
rations of classical modes per e-folding in k to a finite
number, exp[IHD], and thereby implies a bound on the
number of observable values for the amplitudes, and the
relative lengths and directions of the wavevectors "k of the
classical perturbation modes. The density of all of these
observables taken together cannot exceed the informa-
tion bound. This places a new constraint on the kinds of
classical distributions that can be realized.

Since modes evolve independently both before and af-
ter tk, and since gravitational coupling is strongest for
spatially coincident density distributions, it is natural to
assume that the holographic physics imposes new corre-
lations localized in "k. The discrete lattice just described
is one example of such a distribution, where the mode
amplitude at each fixed "k site carries all the mode infor-
mation IH . The bound can also be satisfied in a pixelated
"k space. Within each pixel, information IH is available
to specify mode amplitude. All modes within each pixel
have the same classical amplitude, selected from eIH pos-
sible values. Suppose pixels are contiguous patches, with
average coherence angle δθ and average modulus width
δk. The limit on information density can be expressed as
a scale-invariant statistical uncertainty relation,

δθ2(δk/k) > IHD, (13)

that specifies the minimum average volume of pixels in "k
space within which all modes together carry information
IH . If the classical pixels are not very convoluted and
disconnected, they might be observable.

The smallest possible pixel volumes occur with binary
choices for pixel amplitudes, IH = log 2. As long as δθ
is smaller than π (so that pixels do not wrap around the
sky more than once), the bound in Eq. (13) implies that
modes are pixelated in modulus at a resolution (δk/k) >
D(log 2/π2). As long as pixels do not extend in modulus
for more than one e-folding, it implies that the modes are
pixelated in angle at resolution δθ >

√
D log 2. At these

resolution thresholds, the distribution is predicted to be
either pixelated or discrete; modes within this separation
of each other have the same amplitude (or some other
fixed relationship that carries no information).

This new kind of correlation is a generic feature of
inflationary perturbations arising from the covariant en-
tropy bound. It differs from the standard statistical pre-
diction that the amplitudes and phases of all modes are
statistically independent Gaussian variables in first or-
der, and also differs qualitatively from the correlations
predicted in second order, which still describe continu-
ous distributions[12, 13].

If fH is small enough (of order H2/m2
P ) that D is of or-

der unity, holographic correlations on the current Hubble
scale might explain the statistical anomalies already ob-
served in the large angle anisotropy data[14, 15]. If these
oddities indeed reflect the holographic information bound
(rather than simple chance or, say, a customized inflation

example: pixelated k space

coherence angle and modulus width of pixels obey



  

Observable discreteness?

• Each horizon-scale inflaton when it freezes out  
carries less information than 1010 binary spins

• Encoding is  unknown (depends on quantum 
gravity)



  

H atoms



  

Real World

• Observability depends on nature of the 
quantum-gravitational eigenstates

• Not observable: discreteness corresponding 
to increments of temperature, DT/T=10-10  
(eigenstates covering large solid angles)

• Possibly observable: new correlations, 
discreteness or “pixelation”

• Real quantum gravity…….?





  



  


